INTRODUCTION
During the months of March and April of 1994, a motorized (hands-off) version of the Dripless Bubbler ultrasonic scanner was field tested at the FAA-Aging Aircraft Nondestructive Inspection Validation Center (AANC) in Albuquerque, NM and at Northwest Airlines (NWA) in Minneapolis, MN. The purpose of the field demonstrations was to validate the effectiveness of the Dripless Bubbler for ultrasonic nondestructive inspection (NDI) of fuselage lap splices, tear straps, and composite repair patches for the presence of disbond and corrosion.
DRIPLESS BUBBLER SCANNER
The Dripless Bubbler is a device developed at the FAA-Center for Aviation Systems Reliability (CASR) located at Iowa State University. The Dripless Bubbler combines the high quality associated with immersion ultrasonics together with portable C-scan recording scanners. It was designed to allow for a focusedo-beam ultrasonic C-scan inspection of the exterior of an aircraft fuselage while the aircraft is in a maintenance hangar environment. The main merits of the device are: (1) it permits a water-coupled, focused-beam, ultrasonic inspection of the aircraft fuselage without the problem of uncontained water; (2) when attached to a portable scanning device it can be used in any scanning orientation, even on vertical and overhead surfaces; and (3) it allows the scanning of areas with surface protrusions, such as button head rivets and lap splice edges [1] [2] [3] .
The unit tested was a computer-controlled, rectangular, x-y scanning bridge assembly as seen in Fig. 1 . The scanner itself was designed ~o serve two purposes. First, it serves as a support for two ball screw assemblies from which the position of the Dripless Bubbler is remotely controlled by stepper motors located at the ends of each ball screw assembly. Secondly, it also serves as a manifold for the compressed air actuated "active" vacuum suction cups, which are used to attach the scanner assembly onto the exterior surface of the aircraft fuselage. Active suction is maintained by utilizing a "venturi effect" caused by a continuous supply of compressed air flowing through a nozzle located within each vacuum cup. 
DATA ACQUISITION
Ultrasonic data were acquired using a commercially available computer-controlled data acquisition system manufactured by SONIX, Inc. [4] . Aside from the Dripless Bubbler scanner, the system consist of a spike voltage pulser/receiver (Panametrics, 5052 P/R), a motor position controller (Anaheim Automation, MC33) and a personal computer (Gateway 2000, 486/33) containing a AID digitizing card (Sonotek, Inc., STR*8100), a motor indexing card (Compumotor, PC23) and controlling software. The data acquisition system generates as its output (0-255) color-scaled (shown in this paper as gray-scale) C-scan images by time-gating a feature of the received pulse-echo ultrasonic signal as the transducer (Dripless Bubbler) moves over the sample in an x-y spatial grid. In this program two C-scan images are produced for each time gate selected: peak amplitude (PA) and time-offlight (TOF). With the SONIX software, up to eight time gates can be used to create images during the course of a single C-scan, each one containing information specific to its time gate.
C-SCAN IMAGES
The images shown here were created by aligning distinct features such as rivets and lap edges found in adjoining images together, to form a representative composite image of a larger area. The composite images do present some difficulties in presentation. For images to join smoothly, the same scan parameters must be used to acquire each image. Because the four suction cups are rigidly mounted to the scanner frame and the focal length of the transducer in the Dripless Bubbler is set, slight variations in the transducer to sample distance can occur when the scanner is repositioned along the fuselage. This presents itself in the composite images as a constant shift in color between adjacent images. Another feature found in the composite images is the horizontal banding caused by flexure of the underlying aluminum skin during the scan. The current design of the Dripless Bubbler was made for the inspection of lap splices with a stiffener installed behind them for added support. In this configuration the surfaces are flat and the aluminum skins do not flex by any appreciable amount. However, over areas outside of the lap splice, the aluminum skin contains a slight curvature and some flexure of the skin can be seen. The flexure of the skin changes the focal conditions and results in a slight change in signal amplitude and/or time shift. This is most evident along the edges of the images made next to support locations. Specific details in the composite image are still discernable even though the image colors do not match exactly. These discrepancies can be corrected with appropriate modifications to the scanner to which the Dripless Bubbler is attached.
Corrosion and disbond areas manifest themselves in the images as a change in uniformity from the surroundings. The corroded areas are seen as having approximately the same amplitude as the bonded regions in peak amplitude images, however the color representative of corrosion is speckled and not as uniform as the color representing bonded tear straps. The speckled pattern seen in the images is caused by surface roughness scattering the ultrasonic beam away from the normal incidence direction. In time-of-flight images taken with resolved (high frequency, 15 MHz) ultrasonic echoes, the influence of the bonded tear strap is not seen and the metal thinning due to corrosion in the first aluminum skin layer is brought out in detail. With a low frequency (1 MHz) scan the ultrasonic echoes are not resolved (due to a long wavelength) and time-of-flight images may be used to detect corrosion existing in the second aluminum skin layer of bonded structures [1, 2] . Surface indentations and protrusions are seen in the images as areas with distinct concentric color contours, such as the halos around the rivets. Even with the halos present in the images, corrosion can be resolved around the rivet head in greater detail than that obtainable from a contact ultrasonic scan or a sliding eddy current probe.
Presently, no state-of-the-art methods are available that allow an inspector to unambiguously interpret the wealth of information present in ultrasonic images; however, by using the Dripless Bubbler approach, variabilities in the coupling conditions have been largely eliminated. It can therefore produce consistent images that can be used for establishing a knowledge base relating image features to various flaws (corrosion, disbond, etc.) and substructures (tear straps, acoustic dampers, stiffeners, etc.). Nonetheless, an attempt is made here at interpretation of the scan images obtained using the Dripless Bubbler. The findings reported here represent the best efforts of the authors and have not been verified by any destructive means, however, they have been compared with several other NDI techniques.
ULTRASONIC INSPECTION
The scans were initiated by attaching the Dripless Bubbler onto the surface of the aircraft with the aid of the four vacuum suction cups. The water pump was turned on to feed water into the contained water pool. After a steady state condition was reached, the transducer was focused onto the top surface of the aircraft by maximizing the amplitude of the reflected front surface RF signal echo. This focusing was accomplished by changing the water path distance of the foam water-containing ring. The scan parameters corresponding to the x-y scanning grid were entered and the data acquisition process started. After a scan was finished the Dripless Bubbler was slid along the aircraft fuselage to the adjacent area of interest and the scan started again. Attempts were made to cover as large of an area as possible to obtain details on the bonded surfaces as well as outside the bonded surfaces. To acquire data over a large area of the fuselage, the Dripless Bubbler was first positioned at one location and adjacent scans were then made by progressively repositioning the scanner assembly along a stringer or body station reference line. If the Dripless Bubbler is inspecting adjacent areas it is not necessary to tum off the water pump and the vacuum system, nor is it necessary to readjust the focal position of the transducer.
AANC RESULTS
The samples and locations selected for inspection using the Dripless Bubbler were chosen based upon the recommendations of the AANC staff or selected by the CASR researchers to either provide focused-beam immersion data to correlate against previous results taken by other NDI techniques visiting the AANC facility, or to validate the inspection capabilities of the Dripless Bubbler in various inspection geometries and orientations. A majority of the 60 plus scans made at the AANC facility were taken from the Boeing 737 transport aircraft testbed (sample 100). The remaining scans were taken on the boronepoxy repair patches located on the nose section of the McDonnell Douglas DC-9 (sample 200), and the Foster-Miller panel (sample 176), and the several sections of lap splice from the small specimen library (samples 190-192) . In the interest of brevity, only the results obtained from the corroded region aft of the rear cargo bay door of the testbed aircraft and of the boron-epoxy repair patch shown in Fig. 1 
Bonded Aluminum Skin Structures
The area aft of the rear cargo door on the testbed aircraft fuselage was scanned using a 15 MHz focused-beam immersion transducer with the time gate positioned to capture the first back surface reflection echo in the top aluminum skin. A total of 10 separate scan were made and combined together to form the composite images shown in Fig 2. The individual scans took about 5 minutes to complete, and each covered a 12" x 4" area using step increments of 40 mil. In Fig. 2 both dis bond and corrosion can be identified in these images. The tear straps are seen in the images as strips running vertically along the left and right edges of the images. The tear strap corresponding to BS 887 contains rivets along its entire length, while the tear strap corresponding to BS 877 does not contain rivets except at the stringer intercept locations. The location of the stringers are revealed as horizontal rows of rivets. The tear strap at BS 877 appears well bonded from Str. 21R-22R. There does not appear to be any indication of corrosion in this area. The tear strap along BS 887 appears to be bonded slightly differently than the corresponding tear strap found along BS 877. It is not known whether the difference in bonding appearance is due to surface curvature caused by the installation of the rivets or some other bonding mechanism. The corrosion in the tear strap regions starts at BS 887, Str. 22R and the midpoint of Str. 22R-23R, BS 877. At this location there does not seem to be any indication that the structure remains bonded in areas where corrosion exists. The images obtained using the Dripless Bubbler in this area agree with those obtained using the eddy current scanners of Ref. 5 . A thickness map (shown in Fig. 3 ) of the metal in the top aluminum skin at Str. 24R, BS 887 indicates that up to 10 % metal loss due to corrosion is present in this area. The thickness map was made by correlating the color regions obtained from the scan image with the difference between the front surface echo and the first back surface echo readings (in time) from the oscilloscope.
Boron-Epoxy Repair Patch
The boron-epoxy repair patch shown in Fig. 1 was scanned using 1 MHz focusedbeam immersion transducer with the time gates positioned to capture the amplitude of the entire reflected RF signal and its unresolved trailing signals. Two separate scans were made and combined together to form the composite images shown in Fig 4. The individual scans took around 4 minutes to complete, and each covered a 8" x 4" area using step increments of 40 mil. As shown in Fig. 4 the composite patch appears very uniform across its entire surface except for the two vertical bands along the left and right edges. The scattered areas within the image in regions away from the rivets may be porosity and bonding variations within the composite patch. Five rivets installed along the stringer are seen as concentrated areas of distinct color change. With the exception of the right most rivet, the diameter of the rivets in the patch area is very nearly the same diameter as rivets installed off the patch indicating that the area surrounding these rivets is well bonded to the aluminum skin. The difference between the color regions above and below the center rivet row compared to the region along the rivet row may be explained by the surface conditions that exist as the result of installing the rivets. A defect region is seen situated along the center left edge of the composite patch. No visual indications of this defect is seen nor is it felt from the exterior surface of the patch. There are two vertical bands of different ultrasonic response in the composite patch that are approximately 112" inward and extends vertically along the right and left side of the patch. These bands may indicate that the laminate plies were staggered or overlapped during installation of the patch.
Peak amplitude composite image
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NORTHWEST AIRLINES TEST RESULTS
At the Northwest Airlines facility in Minneapolis, MN the Dripless Bubbler was given the opportunity to examine a tapering lap splice section of a Boeing 747-200 with suspected corrosion damage. The suspect region was the area around two flush-mount rivets whose heads had fallen off. The loose rivets were discovered by NWA inspectors during a routine D-Ievel maintenance check of the aircraft. Based upon past experience, the NWA inspectors felt that interior lap splice corrosion around the fastener holes existed. They did not however, know the extent of the corrosion damage. The Dripless Bubbler was used to scan this region and the surrounding area to determine the extent of the corrosion damage and determine the material loss. A 15 MHz focused-beam immersion transducer was used with the time gate set to capture the first back surface reflection echo in the top aluminum skin. The scan results are shown in the images of Fig. 5 . The corrosion can be identified in Fig. 5a as the speckled region surrounding the missing rivets. The metal loss due to corrosion can be determined by the time-of-flight image shown in Fig. 5b . The results of the Dripless Bubbler scans were consistent with a low frequency eddy current inspection made by Northwest Airlines NDT inspectors following the scans.
CONCLUSIONS
Overall the field demonstrations of the Dripless Bubbler for the purposes of detecting disbond and corrosion in fuselage lap splices, tear straps, and composite repair patches can be considered a overwhelming success. The Dripless Bubbler provides the ability to reliably inspect the surface of the aircraft fuselage using focused immersion ultrasonic techniques. The C-scan images obtained with the Dripless Bubbler at the AANC facility are superior to any C-scan images previously provided using contact ultrasonic scanners [5, 6] . Such high image quality can be directly attributed to two features of the Dripless Bubbler --the highly stable coupling condition and its focused ultrasonic beam. The spatial resolution obtainable in a focused C-scan image is much greater than that using a contact ultrasonic inspection. In addition to the enhanced image quality, the Dripless Bubbler has the ability to resolve disbond and corrosion defects existing around fastener holes without marring the surface of the aircraft as a contact ultrasonic inspection often does.
The field demonstrations also provided insight into several areas of the Dripless Bubbler's design that can be considered for improvement. The current version of the Dripless Bubbler was designed to illustrate the advantages of a focused-beam ultrasonic inspection for the purposes of inspecting aircraft fuselage lap splice sections. It was made using existing materials and supplies available in the laboratory at CASR under tight cost constraints. It was intended to be a demonstration tool rather than a fieldable prototype.
The Dripless Bubbler in its current configuration is capable of scanning a large portion of the fuselage surface over areas that are cylindrical; however the rigid scanner frame has curtailed the scan speed and inspection area over surfaces with compound curvature. The position of the transducer-to-surface focal length, which is currently fixed, also needs to be adjustable to accommodate some of the irregular surface features found on the aircraft fuselage. With regard to inspection speed, the setup time required to position the scanner, acquire data, and reposition the system for another scan is acceptable for laboratory work; but for use by field personnel, the current capabilities of the system are inadequate. A large portion of the time spent during an inspection is in data acquisition while the scanner is moving the transducer at 30-40 mils intervals over the inspection area. Modifications of the Dripless Bubbler to accommodate features that are currently fixed or unadjustable will increase the setup time; however, the inspection time of the system as a whole may be greatly reduced with the addition of multiple transducers and multiplexers. Future design modifications of the Dripless Bubbler will include the ability to scan slightly curving surfaces, optimization of the water delivery and vacuum recovery system, improvements to the wear characteristics of the contact surfaces, and an overall reduction in size and weight of the entire system. 
